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I. INTRODUCTION

Internecallic compounds are formed by the lanthanide elements with many
of the other metals in the periodic table. These materials have been under
investigaction in this laboratory for about two decades. Studies carried out
in this laboratory and elsevhere has revealed many intevesting effecis - very
poverful magneiocrystalline anisstropies, giant magnetostriction effects and
extensive solveni power for hydrogen. The powerful magneiic anisotropy of
these materials makes them of practical imporiance in the fabrication of high
energy permanent magnecs. These can in curn be used in a variety of devices -
traveling wave tubes, electric motors, watt-hour meters, frictionless bearings,
guidance systems, etc. The essencial features of these substances vhich make
them of utility as high energy megnetic macerials have been described in two
relatively recent monographs.l’2 Basically, the powerful magnetism is due co
the crystal anisotropy. The quantum mechanical details of the lanthanide con-
tribution to this have been worked out and published? during the present con-
trace period. The 2uthor regards this as a major contribution.*

Two themes have characterized the work of the preceding three-year period:
(1) studies designed o trace the powerful permanent magnetism of rare earth-
transition metal systems back to First Principles and (2) investigations
directed toward improving our underscanding of the magnetic interactions in
rare earth-vransition me:tal syscems. The purpose of Che latter is to set the
stage for controlling magnetic structure and thereby being able to produce
magnetic scructures as desired by appropriate alloying.

The rare ecrth contribution to the wagnetic anissitropy has been estab-
lishecd ©o be a crystal field effect. This elucidation has come about after

rather detailed studies of the cryscal field inceraccion, This has involved

Assistan¢ Professor V. U. 5. Rao and Research Assistant Professor S. G.
Sankar vere significantly involved in this investigation.




three kinds of experimen: - magnetization measurements, specific heat deter-
minations and (he scudy of spin-disorder resisiivity. These experiments have
been examined using the quantum mechanical formalism known as the equivalent
operator method. The crystal fiecld studies are summarized in section II.

The magnetic cnisotropy originates only in part with the rare earth sub-
lattice; the transition metal sublaiiice also contributes, bu: in most cases
1o a minor excent.

A number of experiments have been carried out to elucidate the coniribu-
tion of the transition metcal sublattice. These are summarized in section III.
Several invesiigatvions have been carried out to reveal various other
characteristics of the magnecic interaccions in rare earth-d transition metal

intermetallics. These are summarized in section IV.

It should be clear that the three-year program being summarized in chis
report is only a segment of an on-going program which wvas initiated in early
January, 1965 and is being continued at least: uncil late February, 1979.

I: should be equally clear that this report can and should give only an
overview of the accivivy in the program. For the full story the reader should

consult the papers listed belor in sections II, III and IV,

II. STUDIES OF 4HE CRYSTAL FIZLD INTERACION
The aspect of the work of che nast three years is described very well in
tuo rather major review papers and in six research papers. ‘‘hese are as follous:

Revieu Papers

1. W, E. Wallace, "The Cryscal Field Interaction in Relaiion to
che Magnetic, Thermal and Transport Propertiies of Rare Earth
Invermetallics and Hydrides," Proc. of the Conf. on Crystal
Field Effects in Metals and Alloys, Montreal, Canada, June

26-29, 197L.

2. /. L. Wallace, S. G, Sankar and V, U, S. Rao, "Crystal Field
Effeccs in Lare Larth Intermetallic Compounds," to appear in
Structure and Bonding, Springer-Verlag.
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Research Papers

1. J. V. Mahoney, 7, &, Yallace and R. S. Craig, "Influence of
che CrySualline Lleccric Field on che Heag Capacicy and
Resistivity of PrA13," J. Appl. Phys. 45, 2733 (1974).

2. 5. G, Sankar, V, U, S. Rao, E. Segal, /. E. Wallace, .
Frederick and H., Garreti, "Magnetocrystalline Anistropy
of SmCos and Its Interpretation on a Crystal Field ilodel,"
Phys. Rev. Bll, 435 (1975).

3. J. V, Mahoney, W, I, Wallace, R. S, Craig and S. G. Sankar,
"Study of the Crystal Field Inueracuion in NéAl, by Measuve-
neats of Heet Capacity, GSusceptibility and he51§u1vi,y,
Inorg. Chem. 14, 2918 (1975).

4, . Inoue, S. G. Sankar, 2. S. Craig, W. . Wallace and K. A.
Gschneidner, Jr., "Lov Temperature Heat Capacicies and
Thermal Properties of DyAl,, ErAl, and LuAl,," J. Phys. and
Chem. »f Solids 38, 487 (1 7).

5. 5. G, Sankar, S, K. Malik, V. U, S. Rao and W. E. Vallace,
"Effect of Magnetic Anisoiropy on the Hea! Capacity of HoAl,,
Crysiel Field Effecis in Metals and Alloys, A. Furrer, ed.,
Plenum Press, lew york (1977), b. 153.

6. T. Inoue, S. G. Sankar, R, S. Craig and W. E. Wallace, "In-
fluence of the Cryscal Field Interaction on the Thermal Be-
havior of ErAl,, ibid., p. 143.

The first of the review papers consists of 31 pages, the second of 98
pages. “here is no way o sumsarize these lengthy papers except to say that,
as noted in the Introduccion, chree mechads have been developed to enable the
crystal field interaciion (o be esuablished. Additionally, i¢ is ©o be noted
that the strength of this interac:ion is k7 with T of the order of two or
three hundreds of degrees kelvin., Thus 1t is comparable with exchange,
actually usually larger. ‘the present repori can serve the purpose of inform-
ing the reader of the existence of the utwo reviews. The first is not widely
available., The second, vhich includes the {irst, will be widely available
upon publication.

Resecarch papers 1 and 3 above aie very similar, The first deals with

PrAl3, the other with isostruciual NdAl Because of the general similarity

3

comments will be confined o the PrA13 study. ilcasurement of magnetic

($3]
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susceptibility (X), heat capacity (Cn) and elec:rical resiscivity (p) were made.
There were cleair indica‘ions of the effec’ of the cryscal field inieraciion on

X Cp and p. Analysis of this showed the spectirum for Pr3+ given in Table I.

Table I
Unergy Levels and Tigenfunctions for Pr3+ in PrA13
Tigenfunctions Moment Lncrgy Coefficiencs
1"3 al-3>+a!3> 0.00 131.6
0.737
Iy bl+lhis+e'F2> 126.5
-0.737
-0.426
r5 clslis-blx2s
0.426 93.0 a = 0,707
I, -a!l-3>+a'3> 0.00 87.9 b = 0.6184
-0.250
rlv, Izls
0.250 43,1 ¢ = 0.7858
Ty ‘0> 0.00 0.0

It is Lo be noted cha” the ground state is a singlet and the overall splitting
is 131.6°K. Resulis for NdAl3 are generally similar, as might be expecied in
view of the structural similarity of chese (170 compounds. IUstimaies of the
overall splitting for nat in NdAl3 renge from 126 o 167°K.

Research popers 4, 5 and 6 deal with rare eorich-aluminum Laves phase
compounds. ‘the overall splitting is about 100°K for RAlE phases ritch
i = Dy, Ir and Ho.

ilesearch vaper 2 above provides a theoretical explanation for the strong

magne cic anisoiropy of SmCo Early work by Greedan and Raoh provided an

5!
accoun: of the anisotropy in RC:S and R2C317 phases using the opereacor equivalent

p— . — ,_,,“,—_M r—



method. This formalisa is satisfaciory only vhen there is no mixing of J
stoces, the sicuation for most of c¢he rare carth intermetallics for vhich the
2 3+ : :
multiplets nre widely spaced. It is not so for Sm~ , vhich is an especially
interesiing cese because of che importance of SmCo5 in permanent magne:v fabri-
& } ; + =
cacion. In this case the lacah algebra must be used. The Sm3 sublat cice
anisotropy is properly accounted for using reasonable values of the cryscal

2 4

field incensity parameers (J\.g < 17> = =420°K, /\g <r > = -25°K, Ag < 1'6> =

.
1°K and I\g < 1> = 6°K) ond the Homilionian es follous:

A DE e e
=X LS 4 Top * EuBS Hex (vhere S Szor Sx)

KCF is ‘evaluated by the tensor-operator technique devised by Racah.
H M/t = 2L0°K, where k is the Bolizmann constant.

The cnergy of the Sm3+

sublattice was calculaced with moments parallel
(z dircciion) and perpendiculer (x direction) to che c-axis. The energy was
found to be lower for the z direction by an amount that agreed well rith re-
sults obcained experimentally by Fredeiick and Garrect of the Wright-Patterson
Air Force Base. Thus the source of the powerful anisotropy and high energy of

Sm(105 permanent magnecs has been escablished. Similer calculations were made

-
by Buschow, Van Diepen and de ilijn? et a slightly later time.

JII. STUDIES T0 ELUCIDAYT tHE TRANSITION ELEMENT
SUB-IATIICE ANISOTROPY

During the preceding 3-year period 4 papers, all original research, vere
published in this area. They are as follows:
7. K. S. V. L, Narasimhan and ¥, E. 'lallace, "Mafénetic Properties
gimﬁiﬂﬁﬂ:#&lg’aczn& }I{’ioitf go: I1%: 1]‘.%1)&83?3917ﬁ3kwe17
8. K. 5. V. L. Narasimhan, W, I, Wallace, R, D, Hutchens and

J. E, Greedan, "Magnetic Anisostropy of P‘2C°iL Compounds
(R = BEr, im, Yb)," ibid., No. 18, 1212 (197 J.

i s liia s St




9. K. S. V. L, Nerasimhon, "Magnciic Anisotropy of Fe, Mn
and Ni Subsiituced ErCo17 Ternaries,'" ILEE Trans. .iag, 1AG 12,
1009 (1976).

10. X, 5. V, L, Narasimhan, C., Do-Dinh, W. E. Wallace and R. D,
Hutchens, "Magne.ic Pronerties of the ThCog., i, Sys em,"
J. Appl. Phys. L6, U961 (1975).

In 1:C:>5 intermetallics there are tuo crystallographically distinguish-
able varieties of cobalt - the so-called 2c and 3g cobalts. One wishes to
knowv how each of these contributes to the magnetic anisotropy. In the R20017
(or R2Fe17) intermetallics there are four kinds of Co (or Fe). Presumably
each is contributing to the anisotropy each in its o'm special way. Addition-
ally, in che R20017 intermetallics there are wo kinds of rare earths. Thus
in the RCOS intermetallics ‘here are chree magneiic species and in the RQCol?
intermecallics there are six. The role of the rare earths has been established
theoretically but 2s yet this is an intractible approach for the d transition
clement sub-lattice. An experimental approech is accordingly necessary.

The stracegy being followed is to substicute preferentially on the several
sub-lattices and to study systemacically the alteration in magnetvic propert:ies.
Crystial chemical principles are used ito arrange the preferenticl subscitution.
; s B s ;

The first example of “his was~ the siudy of R2C°1?-xTx
these cases the sign of the anisotropy wvas changed by alloying with Fe or Mn.

uvith T = Fe or Mn, In

Paper No. 7 involves R2F017-based vernaries with R = Y, Tm or Ho. Fe is
partially replaced by Ni or Al. Fe is sirongly magnecic in these materials
(~ 2uB per a:com) vhereas Ni is veakly magnecic (~ 0.3uy per atom) and Al is
non-magne sic. Yet vhen Fe is replaced by Ni or Al, fc sharply increases.
Tsze17 was found to be an extremely interesting compound. Iis magnecic

struciures are given in Table II.




Table Il

Magnetic Characterisuics of ngFc17

(°K) Easy Axis Strueture
0-85 parallel o c-axis Ferrimagnetic
85-265 in basal plane Ferrimagnetic
265-285 Spiral
<. 285 Paramagnetic

The Tm and Fe moments are coupled anci-parallel.

The Fe sub-laitice has a preference for an easy axis in the plane, the Tm
sub-la.tice prefers c-axis uniaxiality. The latcer predominates only at lou
temperatures. Replacemen: of Fe with 1li or AL decrcases the Fe sub-lattice
anisotropy in T:naFel7 and the 85% transition (indicated in Table II) moves
progressively upward, reaching 2L40°K in TmaFeluA13. The suggescion is that
Al has progressively replaced Fe in the Uf (i.e., dumbbell) crysiallographic
sites. These sites are recognized as cthe source of the sorong basal plane

anisotropy in R2Fe17 or Rgco phases.

B |

Paper 8 deals with che determinaiion of Lhe easy oxis in REC°17 with
R = Er, Tm and Yb. The first two are uniaxial materiels at 300°K, the latter

appears ¢o have a ccnicel scructure. Anisotropy fields (HA) vere decermined

and are given in Table III.

Table ELZ
Anisotrony Fields for RyCo,, Compounds
EryCoy 4 TmyCo, 7 YbyCo
LK 30 70 30
300°K 18 18 19

in kOe




Paper 9 represents a continuacion of the work in paper 8, focusing
attention on ErECOLT' As noted above, ii is uniaxial but has a fairly low
value of HA' The work of Schaller et al.6 shoved Che uniaxiality could be
induced in basal plane R2C:>17 systems by partially replacing Co with Fe or Mn.

This suggested that HA for ErECo might be strengthened by partially replacing

17
Co in it with Fe or Mn. The effect of Mn, shown in Table IV, is particularly

dramatic.

Table IV
Anisotropy Fields and Curie Temperatures of
ErECOIY-xmnx Ternaries
m ° . ]
X lc( K) HA(kOe) at 4.2°K
0 1160 31
2 982 133
i 46 103
6 383 -—-

Work by Rothwarf, Leupold, Greedan, 'Jallace and Das on Th(Co _XFex)5 and

1
Y(Col_xFex)5 ternaries suggested that the Co sub-lattice anisotropy originated
primarily wich the 2c¢c Co atoms, i.e., those in planes with Th, Th being their
nearest neighbors. Paper 10 deals with similar subject matter - the study of
ThCos_xNix ternaries. Neutron diffraction work by Atoji, Do-Dinh and Wallace

on these ternaries showed8 that Ni replaces Co preferencially at{ the 2c sites.

Studies of the anisotropy fields of ThCos_xNiv ternaries is consistent with

this and also with the notion tha: the transition mecal sub-lattice originates
primarily with Co at the 2c¢ positions.

Conclusions derived from the ARO-supported work at Pittsburgh are supported

g

by recent polarized neutron diffraccion studies by Deportes et al.

le now have a reasonable idea as to anisoiropy in the Raco B and RCo

| 5
compounds and how to bring about "favorable" anisotropy, but do not know the




1

'‘why." Very sophistice.ed thesry will necessarily be entialed in the full

elucidacion of these interesting phenomena

IV, MAGNETIC INYE{ACIONS IN SELECTED INTEIMETALLICS
In the grant period six research papers in this area have been published.
They are as follovs:
34 L:-."J:. ;.".;'.._:\i“i‘_i, e 2. Vo L. <arasiuhan, ¥, ., wallace and R. S.
‘L;.L ;i\,’, cagnetic fropertices of ddl_‘ Th_i'¢s and (Idl__\.Ce;.l"eq," gl
Sol. State Chewn. 13, 311 (1975). s e > i ol

12. K. 5., V. L. Nerasimhan, V. U, S. Rao, #. E. Jallace and I. Pop,
"Magnecic Properties of RMnpXp Compounds (R = Rare Earth, Y or
Th and X = Ge, $i)," AIP Conf. Proc. 29, 594 (1976).

13. M. Coldea, I. Pop, W. . Wallece and K. S. V, L, Narasimhan,
"Mognetic Charescteristics end I} of UCuS,“ Magnetism Lett. 1,
11 (1976).

1%, D. M. Gualtieri, K. S. V. L. Narasimhan and i/. L. Yallace,

"Magnetic Properties of the Hydrides of Selected Rare Earth
Intermetallic Compounds wigh Transition Metals,' AIP Conf.
Proc. 34, 219.

15. M. Merches, K., 5. V, L, Narasimhan, 7, £, Wallace and A.

Ilyushin, "Megnetic Properties of R(Fel~anx)2 Compounds

(R = G&, ™, Dy, Ho or Er)," AIP Conf. Proc. 34, 233 (1976).
16. K. S. V. L. Narasimhan, "Magnetic Characteristics of the

MnNiSil_xGex Compounds Crystallizing in the CooP Type

Strucicure," AIP Conf. Proc. 34, 40O (1976).

Papers 11, 12 and 14 all have the same ultimate objeccive: o attempt ©o
manipulate the nature of rare earth-trensition mecal coupling by alloying in
such a way as to change the electron concentracion., An example of this is the
study of the Gdl_xThxFe2 system in paper 1ll. ihen tetravalent Th replaces
crivelent Gd it is expected that the electiron concentration will be increased.
Since Che RKKY interaction, which presumably couples the Gd and Fe moments,
is electron concentration sensicive, it was hoped that the ferrimagnetic Gd-Fe

coupling in GdFe2 could be made ferromagnetic in cthe ternaries. This did not

develop. The Fe moment decreased, indicacing that the extra electron provided

by Th did not increase the electron concentracion but instead was absorbed by TFe.
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In paper 12 a series of compounds were scudied, represented by the formula
::Mn2X2 where R = a rare earth, Y or wh and X = Si or Ge. These materials form
in che BaAlh struccure. A variety of megnetic behavior is observed for the 20
compounds studied. The original paper should be consulted for details. This
work was to set the stage for work involving quaternary systems, e€.g.,
Laizne_xTXGe2 where T = Cr, Fe, Co, Ni or Cu.

The effect of absorbed hydrogen on rare earth-Fe coupling was investigated
in paper 14. The compounds 'RFe2 with X = Ho, Er and Tm were investigaced.
These materials absorb hydrogen in copious amounts. The most significant

resulis obtained are listed in Table V.

Table ¥

Magnetic Characteristics of Hydrogenated RFe2 Systems

Magnetizatcion at 4.2°K Curie Temperature

ugp per formula unit (°K)
HoFe, Gell 61k
HOFQEHh.S 243D 287
ErFe, 4,75 596
ErFeeH3'9 5.60 280
TmFe, 2.52 610

- ) Ht

Thmeth.3 6.45 270

%  Measured at an applied field of 21 kOe.
%  Measured at an applied field of 120 kOe.

Hydrogenacion rather strikingly reduces the interaciions, as reflected in
the Curie temperature, and in the case of ErFe2 and TmFe2 increases the magneci-
zavion. The effect for TmFe2 is striking, In RFe2 the R and T'e moments are
coupled anciparallel, The rise for TmFe2 upon hydrogenation suggests that this
may no longer be true for the hydrogenated material. The presence of hydrogen

seems (0 have affected the Tm-Fe coupling. If the coupling has been reversed,

it will be the first instance in which this has been accomplished.
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Hydrogenated TmFe2 and ErFe2 are unusually cdifficult to saturate. Results
are shown in the accompanying diagram. The source of this exceptional magnectic
hardness is as yet unknown.

In paper 13 the bulk magnetic properties of (cubic) UCu5 have been inter-
relaced o its Cu MM characteristics. U in this macerial behaves as a free
triposicive ion as deduced from its susceptibilicy. Normally the light actinide
mevals exhibit only Pauli paramagnetisim, indicating delocalized 5f elec'crons.lo
In UCu5 the U-U discance is ~ 5& and che 5f electrons are localized. TFrom che
Knight shift depencence on tempera:ure (or susceptibility) the strength of the

s-f exchange has been esiablished for the two non-equivalent copper sites.

Jsf(I) = -0.58 eV and Jsf(II) = -0.35 eV.

In paper 15 the magnetic properties of the ternaries R(Fel_anx)2 (R = G4,
T, Dy, Ho, Er) were studied. With three magne:ic species present complex mag-
netic coupling schemes are possible. ‘he study was carried out in an-attemps
to elucidace the coupling scheme. The t¢ransicion metal sub-lactice moment is

given in Table VI.
Table VI

Transition Metal Sub-latiice Moment(uB) in
R( I-‘el_‘cMnx )2 Systems

X
R 0 0.2 o.k 0.6 0.8
Ga L.2 3.14 2.18 1.86 11T
™ 3.28 1.82 1.99 1.83 1.42
Dy 4,5 4,36 3.50 2.97 2.24
Ho 4,0 2.83 2.1k 1.8 0.39"
Er 2.9 - 1.05 1.33 0.1k
Y 2.9 2,0 1.2 0.k Rp—

5 Clk struccures. All the other macerials were in the
cubic Cl5 structure.




‘the decline in trensition mecal moment could be due Ld> simple dilution or

antiferronmagnetic coupling of te and iln. Décision between tnese alternatives
requires additional info.mation, e.g., neutron diffraction studies. The best
guess is thai Ma carries a small moment (< O.SuB) aligned antiparallel to the
Fe moment.

In poper 16 a study vas made of the influence of substituting Ge for Si
in MalliSi. This compound is ferromegneiic with T = 616°K and & magnetic
momen’ of 2.5uB. It was hoped that TE and the magnetic moment could be en-
hanced by increasing the Mn-Mn distance, to be brought about by replacing Si
with Ge. Single phase materials were produced for the range MnNiSi up ©¢o
MnNiSiO.ZGeo.B‘ A rise of megnecizecion from 2.5 ©o 2.9uB is found as Ge
replaces Si but Tc declines steadily. The highest Ge concent alloy is mete-
magneic, but MnI\IfLS5.0.3(}00_7 and all lower content Ge alloys are found oo
be ferromagnetic.

The several studies involving Mn alloys represented attempts ¢o form
ferromagne tic sys.ems in vhich lin was contributing subscantially to che magneci- ﬁ
za'ion., It is known “hat in the Hensler a2lloys Mn exhibits a momentc of BuB per
atom. In these moterials the Mn-Mn distance is large (> 3 K). It is also knomn
chat when the Mn-Mn discance is recduced below ~ 2.8f£, the @ electrons delocal-
ize and the local momen: vonishes. The several studies described were actempts
to form compounds in which the ln-)Mn spacing was sufficiencly large to bring
out the large Mn moment - cicher this or to set the stage for other studies
with this intent.

Many inteiesting features of Mn syscems have been revealed - the effect

on anisoiropy, on Tc end on coupling. These effects warra . further actention.
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